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The aim of this study was to determine the inﬂuence of temporal frequency of temporal contrast adap-
tation on contrast sensitivity in healthy subjects. Temporal contrast sensitivities (TCS) were measured
monocularly in seven healthy subjects with a modiﬁed ERG full-ﬁeld bowl stimulator at eight different
test temporal frequencies (9, 15, 20, 25, 31, 37, 44, 51 Hz) using a two-alternative-forced-choice strategy.
Before each presentation of the test stimulus, a 100% contrast adapting ﬂicker stimulus was presented
(frequencies: 9, 15, 20, 25, 31, 37, 44, 51, 100 Hz). At each adapting frequency, a complete set of TCSs
was measured. All temporal contrast sensitivities decreased with increasing temporal frequencies. Adap-
tation led to a general temporal contrast sensitivity decrease. Largest adaptation effects were seen at an
adaptation frequency of 25 Hz. Reduction of contrast sensitivity was signiﬁcantly larger at 25 Hz adapta-
tion than at 9 Hz adaptation (t-test of paired samples, Bonferroni corrected). The results of this study
showed a general TCS decrease with the largest effect at an adaptation frequency of 25 Hz. This ﬁnding
indicates that the contrast adaptation probably occurred in the magnocellular-pathway. In future clinical
studies adaptation effects could be investigated in patients with reduced temporal contrast sensitivity.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Neurons in sensory systems often are desensitized by a contin-
uously presented stimulus. This process, called ‘‘adaptation’’, is
possibly a protection against overstimulation as well as a method
to adjust the sensitivity for optimal stimulus detection. In the vi-
sual system, many forms of adaptation are active and they occur
at different levels. In contrast adaptation, the response to a tempo-
ral or spatial modulation is adjusted. Contrast adaptation can be
present as early as the retina (Baccus & Meister, 2002; Chander &
Chichilnisky, 2001). Especially the bipolar cells are involved in a
fast contrast adaptation process (Kim & Rieke, 2001; Rieke,
2001). Even in subcortical centres like the dorsal lateral geniculate
nucleus and the pretectum (Ibbotson, 2005; Pasley, Mayes, &
Schultz, 2004) and in cortical structures contrast adaptation has
been reported to be present (Maffei, Fiorentini, & Bisti, 1973;
Movshon & Lennie, 1979; Ohzawa, Sclar, & Freeman, 1985). Con-
trast adaptation occurs for the spatially and for temporally modu-
lated stimuli.
To achieve temporal contrast adaptation, visual neurons are ex-
posed to a temporally modulating adapting light. The sensitivity to
another temporally modulating stimulus is subsequently adjustedll rights reserved.
lmology, University of Erlan-
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emers).by the adapting modulation. Psychophysically, contrast adaptation
can be quantiﬁed by comparing the contrast sensitivities to a tem-
porally modulating stimulus in the presence and the absence of an
adapting modulation. Temporal contrast adaptation, as in all adap-
tation processes, involves feedback mechanisms.
Unlike spatial contrast adaptation, temporal contrast adapta-
tion does not only occur at stimulus frequencies that are close
to the adapting frequency (Smith, 1971). Instead two (Cass &
Alais, 2006) and possibly three (Mandler & Makous, 1984) tem-
poral frequency channels are proposed. A low temporal fre-
quency channel (up to about 4 Hz) probably has a cortical
origin because cortical neurons respond only at these temporal
frequencies. A high temporal frequency channel probably has a
sub-cortical origin. In psychophysical experiments in which the
effects of masking gratings on the detection of target gratings
were measured, the two channels were found to have distinct
properties: low temporal frequency masking gratings affected
the detection of targets only when the two gratings had the
same orientation. In contrast, high temporal frequency masks
were effective in changing target detection for iso-oriented and
cross-oriented gratings (Cass & Alais, 2006). These data are in
agreement with the notion of a low temporal frequency channel
with cortical origin and a high temporal frequency channel that
has a sub-cortical origin. It was found that LGN cells belonging
to the magnocellular but not those of the parvocellular channel
show contrast adaptation to luminance stimuli (Solomon, Peirce,
Dhruv, & Lennie, 2004).
Fig. 1. Upper plot: A schematic drawing of the strategy for determining threshold contrast. A search phase was used prior to the actual measurements to approximate the
threshold contrast. The measuring phase started about 6 dB below the estimated threshold. In the measuring phase the contrast was increased in 1 dB steps when the
stimulus was not detected. After detection of the stimulus, the contrast was decreased by 3 dB. The threshold was the mean of the contracts of the three presentations that
were detected. Lower sketch: Sketch of the presentation procedure in the measuring phase. After a pre-adaptation (20 s) with a 100% contrast adapting stimulus the
measuring and re-adaptation periods were presented alternately for 5 s.
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bly involve feedback mechanisms with an inner retinal origin
(Freeman, Grana, & Passaglia, 2010). But temporal contrast adap-
tation may also be present in cortical areas. It is not known,
however, if a psychophysically measured temporal contrast
adaptation has a cortical or a subcortical (and probably retinal)
origin. Because cortical mechanisms are more specialized for
processing speciﬁc aspects of the visual scene it can be expected
that cortical contrast adaptation has more speciﬁc effects (Dra-
goi, Rivadulla, & Sur, 2001; Dragoi, Sharma, & Sur, 2000; Movs-
hon & Lennie, 1979), whereas retinal adaptation processes
would have a more general effect. As a result, if psychophysical
contrast adaptation would have a cortical origin then adaptation
to a temporal frequency can be expected to have an effect on the
sensitivity to this particular temporal frequency leaving the sen-
sitivities to other temporal frequencies unchanged. On the other
hand, psychophysical contrast adaptations with a retinal origin
would result in a more general sensitivity change at all temporal
frequencies.
The aim of the present study was to measure the inﬂuence of
adaptation frequency on the magnitude of adaptation on the tem-
poral contrast sensitivity (TCS) of a modulating test stimulus. The
temporal frequencies of both adaptation and test stimuli were atleast 9 Hz, so that adaptation likely had a sub-cortical origin. Lumi-
nance stimuli were used, to which only magnocellular cells adapt
(Solomon et al., 2004).
Because, as mentioned above, adaptation probably involves in-
ner retinal mechanisms, a more complete description of the effects
of the inﬂuence of adaptation on TCS may help in choosing the
optimal conditions for diagnosing disorders of the inner retina.
The adaptation frequency that most effectively changes the TCS
could be the condition of choice for ﬁnding disease related changes
in adaptation effects.
With a modiﬁed version of the ‘‘Erlangen ﬂicker test’’ temporal
contrast adaptation can be studied psychophysically. The ‘‘Erlan-
gen ﬂicker test’’ is a full-ﬁeld temporal contrast sensitivity test,
which uses a Xenon-arc lamp for lighting and a sinusoidally ﬂick-
ering white light as stimulus (Horn, Jonas, Korth, Junemann, &
Grundler, 1997; Horn, Korth, & Martus, 1994; Horn, Link, Dehne,
Lammer, & Junemann, 2006; Nguyen et al., 2002). In the present
study, this test set-up has been modiﬁed. The illumination of the
full-ﬁeld bowl was achieved by white light emitting diodes. Be-
cause the ‘‘Erlangen ﬂicker test’’ involves luminance modulation
the subcortical mechanism, underlying the psychophysical test,
probably resides in the magnocellular (M-) pathway (Horn et al.,
2006; Korth et al., 2000).
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Fig. 2. Temporal contrast sensitivity plotted as a function of temporal frequency of the test stimulus plotted separately for seven subjects. The results are shown for the
different adaptation frequencies. Temporal contrast sensitivity was always largest at 100 Hz. The contrast sensitivity with 25 Hz adaptation was always lowest or close to the
lower limit, indicating that this frequency resulted in a maximal adaptation. The shape of the TCS curves is similar for all adaptation frequencies.
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2.1. Subjects
Seven healthy subjects (four females and three males) with age
between 30 and 53 years were recruited from university staff of
the Department of Ophthalmology and Eye Hospital, Friedrich-
Alexander-University Erlangen-Nuremberg. From all participating
subjects informed consent was obtained. All subjects received an
extensive ophthalmological examination including slitlamp biomi-
croscopy, tonometry, perimetry and ophthalmoscopy. Exclusion
criteria were any eye disease and a visual acuity less than 0.8. All
had normal optic discs and no visual ﬁeld defects. Their intraocular
pressure was below 21 mm Hg. One eye of each person was ran-
domly chosen for the study. The study was conducted in accor-
dance with the tenets of the Declaration of Helsinki and was
approved by the local ethics committee.2.2. Temporal contrast sensitivity
The test set-up has been described previously (Horn et al.,
2006). Brieﬂy, TCSs were measured using spatially homogeneous
temporally modulating stimuli generated in a full-ﬁeld bowl (Ret-
iport, Roland Consult, Brandenburg, Germany) that was modiﬁed
for the use in psychophysical experiments. The full-ﬁeld bowl was
employed to present sinusoidal luminance modulation. Light
sources were white light emitting diodes. The time-averaged mean
luminance of the test and adapting stimuli was 10 cd/m2 (with a
typical pupil diameter of 4.5 mm this resulted in a retinal illumi-
nance of about 160 Trolands). Prior to each measurement the pupil
diameter was measured in each subject and the mean luminance
was corrected by taking into account the individual pupil size.
At the beginning of a trial, the temporal contrast was increased
to make the subject acquainted with the stimulus and to ﬁnd an
appropriate starting point for the threshold examination. After this
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Fig. 3. TCS curves of each subject after 25 Hz and 100 Hz adaptation. A best-ﬁt attenuation is performed for quantiﬁcation of the adaptation effect. The best ﬁts of the
attenuated 100 Hz TCS curve to ﬁt the 25 Hz TCS curve are shown for all subjects. A similar ﬁtting procedure was also employed for the other adaptation frequencies. The
vertical shift of the TCS curve with 100 Hz adaptation is the necessary attenuation for best ﬁt.
B. Hohberger et al. / Vision Research 51 (2011) 1312–1317 1315search phase, the eye was adapted to the 100% contrast adaptation
stimulus for 20 s and thereafter the measurement trial started. The
temporal frequencies of the adaptation and test stimuli were not
altered within a trial. Subsequently, the test and adaptation stimuli
were presented alternately. Each presentation lasted 5 s and was
alternated with a 5 s phase of re-adaptation. Fig. 1 displays a sche-
matic overview of the stimulus procedure. After a search, in which
a start contrast was deﬁned, the subjects were instructed to indi-
cate, by pressing a button, whether she/he perceived the ﬂicker.
The contrast of the test stimulus was increased or decreased
depending on the subject’s response. A two-alternative-forced-
choice procedure was employed. If the subject did not see the
modulation of the test stimulus, its contrast was increased by
1 dB; if it was detected, the contrast was decreased by 3 dB. Ini-
tially, stimulus contrast was subthreshold so that ﬂicker could
not be detected. The threshold was assumed to be reached after
three suprathreshold stimulus presentations. The threshold was
deﬁned as the average of the modulation contrasts of three de-tected stimuli. The measurements were repeated in different trials
with all combinations of temporal frequencies of the adapting (9,
15, 20, 25, 31, 37, 44, 51, 100 Hz) and test stimuli (9, 15, 20, 25,
31, 37, 44, 51 Hz). Within one trial of TCS measurements, the fre-
quency of the contrast adapting ﬂicker stimulus was constant,
but was changed between the trials.
The TCS was the inverse of the threshold contrast (expressed in
% contrast):
TCS ¼ 1=K ¼ 1=ð100% ½ðImax  IminÞ=ðImax þ IminÞÞ
TCS is the temporal contrast sensitivity, K the temporal contrast (in
%), Imax the maximal intensity of the modulation, Imin the minimal
intensity of the modulation.
2.3. Statistical analysis
To study the effect of adaptation, an attenuation factor was esti-
mated for each temporal frequency. This attenuation factor was
1316 B. Hohberger et al. / Vision Research 51 (2011) 1312–1317calculated using a best-ﬁt algorithm in all subjects (EXCEL for Win-
dows). The attenuation factors were compared between adaptation
frequencies with the t-test for paired samples. To take into account
a possible error induced by multiple testings we included the cor-
rection as given by Bonferroni. The analysis was conducted using
SPSS (V19).Adaptation frequency (Hz)
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3.1. TCS is reduced after ﬂicker adaptation of different frequencies
Fig. 2 shows TCSs plotted as a function of the temporal fre-
quency of the test stimulus (corresponding to the high-frequency
limb of the ‘‘de Lange curve’’) for all subjects. The TCSs are plotted
separately for the different temporal frequencies of the adaptation
stimulus. We also measured the TCSs without adapting stimulus
(not shown) using a slightly different procedure of continuous test
stimulus presentation. These were very similar to those measured
with a 100 Hz ﬂicker adaptation, indicating that the 100 Hz ﬂicker
was not only above the ﬂicker fusion frequency for ﬂicker detection
but also for ﬂicker adaptation. It was therefore assumed that the
TCSs with the 100 Hz adapting stimulus were measured in the ab-
sence of adaptation. The TCSs obtained with different temporal
adaptation frequencies have a similar form for all subjects. How-
ever, the overall level of the TCSs was different for the different
adaptation stimuli, indicating that adaptation has an inﬂuence on
the overall level of the TCS curves. Obviously the TCSs were largest
with the 100 Hz adaptation stimulus, indicating that all other
adaptation frequencies yielded contrast adaptation.
3.2. Quantiﬁcation of the overall TCS reduction after ﬂicker adaptation
To quantify the overall TCS reduction after adaptation, the TCS
curve with 100 Hz adaptation was shifted along the sensitivity-axis
to best ﬁt the TCS curves with the other adaptation frequencies. Be-
cause the sensitivity axis was scaled logarithmically this meant
that a constant attenuation factor was used for all test frequencies.
The attenuation factor was the only free parameter in the ﬁts. This
procedure yielded satisfactory results for all adaptation conditions.
Fig. 3 shows the measured TCS curves with 25 and 100 Hz adapta-
tion and the attenuated 100 Hz adaptation TCS curve that best ﬁts
the 25 Hz TCS curve for each observer. From the ﬁts, estimates of
the attenuation factors for each temporal frequency of the adapting
stimulus were obtained. Fig. 4a shows the attenuation factors for
each subject and each adaptation frequency. There is a consider-
able inter-individual variability in the effect of adaptation. How-
ever, in all individuals adaptation was maximal at a frequency
between 20 and 30 Hz. Furthermore, all attenuation factors were
larger than unity conﬁrming the observation that all adaptation
frequencies between 9 and 51 Hz resulted in contrast adaptation.
Fig. 4b shows box plots of the attenuation factors as a function of
adaptation frequency for all observers. The individual attenuation
factors at 25 Hz adaptation were signiﬁcantly higher than attenu-
ation factor at 9 Hz (p < 0.01, t-test of paired samples, after Bonfer-
roni correction for multiple testing). All comparisons of
attenuation factors at different frequencies can be found in Table 1.
Only the attenuation factors at the two adjacent adaptation fre-
quencies (20 and 31 Hz) were not signiﬁcantly smaller than the
one at 25 Hz.Fig. 4. Upper plot: Individual attenuation factors plotted against the adaptation
frequency. Lower plot: Box plot presentation of the attenuation factors. The
medians and box plots indicate that an adaptation frequency of 25 Hz resulted in
the largest attenuation of the TCSs.4. Discussion
It was the aim of this study to determine the effect of adapta-
tion frequency on temporal contrast sensitivity. Because the test
and the adaptation stimuli were luminance modulations with fre-quencies of at least 9 Hz, it could be expected that retinal mecha-
nisms belonging to the magnocellular pathway were basically
involved. The most effective temporal frequency of the adaptation
stimulus was determined. The present study clearly showed that
adaptation to a temporal modulation leads to a general loss in tem-
poral contrast sensitivity that is equal for all test frequencies. The
largest effect was found at an adaptation frequency of 25 Hz, which
is close to the optimal frequency of the M-pathway.
Contrast adaptation seems to be a very complex system. Several
components are involved in this complex network in order to pro-
tect the visual system against overstimulation or to enforce low-le-
vel stimuli. The retina can be subdivided into three adaptation
components (Snippe, Poot, & van Hateren, 2000). In this model, a
divisive light adaptation, a subtractive visual adaptation and a con-
trast gain control take part in the retinal contrast adaptation. The
ﬁrst retinal adaptation component can be modelled by two gain
controls. Next to a slow feedback loop with logarithm-like behav-
iour, a fast one with square-root behaviour controls this divisive
light adaptation.
On the way from retina to cortical structures, the dorsal lateral
geniculate nucleus dorsal (LGN) is the next component of contrast
adaptation. Retinal neurons belonging to this pathway differ in
their luminance contrast sensitivity. Parasol retinal neurons with
Table 1
Comparisons of attenuation factors (AF) at
25 Hz adaptation frequency with the attenua-
tion factors at other adaptation frequencies: 9,
15, 20, 31, 37, 44, and 51 Hz (t-test of paired
samples).
AF at 25 Hz adaptation
correlated with AF after
adaptation of (Hz)
Signiﬁcance
9 0.001*
15 0.007*
20 0.02
31 0.08
37 0.004*
44 <0.001*
51 <0.001*
* Signiﬁcant after Bonferroni correction.
B. Hohberger et al. / Vision Research 51 (2011) 1312–1317 1317high luminance contrast sensitivity project to M-neurons in the
LGN, whereas midget retinal ganglion cells with low luminance
contrast sensitivity conduct input to parvocellular (P)-neurons of
the LGN. The koniocellular pathway comprises of different cell
types which generally have a low contrast sensitivity. This suggests
that the psychophysical experiment, performed in the present
study, probably taps the magnocellular pathways. The maximal ef-
fect of contrast adaptation at a frequency of about 25 Hz is in
agreement with this conclusion and also with previous data that
mainly LGN cells belonging to the magnocellular pathway display
contrast adaptation with luminance stimuli (Solomon et al., 2004).
Because the contrast adaptation, shown in this study, seems to
have a subcortical origin and seems to inﬂuence primarily neurons
of the magnocellular pathway, this test may be useful in detecting
diseases of the inner retina such as glaucoma. Glaucoma is a dis-
ease of the inner retina. Until now, the main psychophysical test
for diagnosing glaucoma is the perimetry. However, it is estimated
that already about 40% of retinal ganglion cells have disappeared
when a perimetric loss becomes apparent (Quigley, Addicks, &
Green, 1982). Any test that would be able to detect glaucomatous
changes at an earlier stage would increase the chances to intervene
successfully. The test described in the paper might be a possibility
because it relies on change of function rather than loss of function
and it speciﬁcally taps inner retinal mechanisms.5. Conclusion
The physiological basis of temporal contrast adaptation mea-
sured with a psychophysical ﬂicker detection of luminance stimuli
probably originate in the retinal magnocellular pathways. This is a
potentially useful paradigm for early detection and studying the ef-
fects of disorders of the inner retina.Acknowledgment
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